Introduction
Cancer is the third leading cause of death in developed countries [1] . Three major modalities for the treatment of cancer are surgery, chemotherapy and radiation therapy. Radiation therapy is a method in which ionizing radiation is used to treat or relieve cancer. Almost half of all cancer patients receive radiation therapy during their course of treatment. Radiation therapy is classified into two types: externally delivered radiation therapy (teletherapy) and internally delivered radiation therapy (brachytherapy). From the late 1990s, brachytherapy was widely expanded for treatment of tumours of prostate, breast and cervix [2] .
In brachytherapy, a radioactive source (radioisotope) is placed in the vicinity of the tumour or within it during treatment. 192 Ir is one of the radioisotopes that are widely used in high dose rate (HDR) brachytherapy. 192 Ir is both a γ and β emitter. The emitted gamma radiation from 192 Ir has an energy range of 201-884 keV, with an average of 360 keV. The average energy for the β particles from 192 Ir decay is 200 keV. The energy of γ and β particles emitted by the 192 Ir source is relatively high, and therefore it is important to have appropriate protection for radiotherapy staff and enough shielding for the treatment room [3] . Taking into account the relatively high energy of this source and the personnel safety needed, it would be useful to search for other sources with lower energy photons, yet sufficient specific activity.
Nowadays, the 57 Co radioisotope is used as a source for calibration of gamma cameras and the study of leukaemia, related to B 12 vitamin deficiency and its insufficient absorption. 57 Co can be produced by an accelerator through 55 Mn(α, 2n) 57 Co nuclear reaction. Based on this reaction α particles interact with 55 Mn and the products are neutrons and 57 Co. This reaction requires α irradiation, which is not commonly available. Therefore, the efficiency of this reaction is not appropriate for therapeutic applications. As an alternative, high energy proton beams can be used. The target material can be natural iron or nickel and the following reactions occur: Ni can cause the production of a large amount of 56 Co nuclides, which are considered as an impurity having a half-life of 79 days. Use of enriched 58 Ni as the target and appropriate selection of proton energy can prevent production of this impurity. Carter and Laird [4] described methods for construction of a radioactive stent and reviewed the experimental information on the treatment for enhancement of arterial patency rates after placement of the stent. They declared that with one-year follow-up after implantation of a radioactive stent with combination of γ-and β-emitting Tm source were studied by Ballester et al. [5] . This radioisotope has high specific activity and a half-life of 128 days. It emits photons with average energy of 66.39 keV.
170
Tm has a low photon yield (6 photons per 100 electrons emitted), which is considered a disadvantage for the source. In their simulations, cylindrical and spherical sources were defined inside steel and platinum capsules, respectively. The bremsstrahlung dose contribution had the same order of magnitude as the dose contribution raised from characteristic x-rays and γ photons, due to high electron yield and energetic β particles. The dose rate constant was reported to be 1.23 cGyh -1 U -1 for the cylindrical source. The results showed that brachytherapy with 170 Tm needs longer treatment duration in comparison with other sources. On the other hand, this source provides a more uniform dose distribution. Enger et al. [6] calculated dosimetric parameters for a hypothetical 170 Tm source by means of the Monte Carlo (MC) method. They evaluated the effect of the capsule material on emitted photons' and electrons' energy spectra. In the study, a cylindrical 170 Tm source was designed with active length of 3.5 mm and diameter of 0.6 mm, the same as the Flexisource 192 Ir source. Furthermore, the radial dose function for various materials (stainless steel, gold and platinum) was calculated. The results showed that gold and platinum capsules not only can absorb the emitted β particles but also attenuate low energy photons. The average photon energy transmitted through the source core and the stainless steel capsule was about 113 keV, whereas the average energy transmitted via the gold and platinum capsules was about 160 keV and 165 keV, respectively. Enger et al. [7] presented dosimetric characteristics of a hypothetical 153 Gd source. This source is a photon emitting source with 40-100 keV photons and a half-life of 242 days. They simulated the hypothetical 153 Gd source with 0.84 mm diameter and 10 mm length in a stainless steel encapsulation. The results imply that this source would be adequate as a low dose rate or pulsed dose rate brachytherapy source. The β particles emitted by this source are low energy and are absorbed in the source's capsule. An increasing radial dose function was observed due to multiple scattering of low energy photons of the source. It was concluded that this source can provide brachytherapy treatments with patient-specific shielding and reduced personnel shielding compared to 192 Ir. In order to predict physical parameters useful in treatment planning and radiation protection, Mason et al. [8] Ninkovic et al. [9] calculated the air kerma rate constant for point sources of various radionuclides which are practically used. The radionuclides were 35 radionuclides including 57 Co. The calculations were based on corrections for internal conversion of X and γ rays and the generation of the K and L series X rays from internal conversion and electron capture. Air kerma rate constants were calculated for each discrete energy in the photon spectrum of the radionuclides with yield per decay more than 0.01% and with energy higher than 20 keV. They used the latest energy spectrum and mass energy transfer coefficient data and therefore were able to calculate the most accurate air kerma rate constants for the 35 radionuclides. In a study by Enger et al. [3] the radial dose function and anisotropy function for a hypothetical 57 Co source were calculated using the Monte Carlo method, and the results were compared with those of Although some dosimetric parameters of a hypothetical 57 Co source were reported by Enger et al. [3] , to the best of our knowledge there is not a comprehensive comparison of the data to a 192 Ir source. In the study by Enger et al. [3] radial dose function and anisotropy function data were presented only in the form of plots, and the anisotropy function was only calculated for one distance. The aim of this study is to evaluate the Co hypothetical source, this geometry was also used. Based on this geometry, the active part of the source was assumed as pure 57 Co, instead of active 192 Ir. The active part was simulated as a cylinder with 3.5 mm length and 0.6 mm diameter located inside a capsule by MCNPX Monte Carlo code (version 2.6.0) [10] (Fig. 1) . Herein the density of the ). The source's capsule is made of stainless steel with density of 8 g/cm 3 , and its elemental composition includes: Fe (67.92%), Cr (19%), Ni (10%), Mn (2%), Si (1%) and C (0.08%). The cylindrical part of the source encapsulation has inner and outer radiuses of 0.335 mm and 0.425 mm, respectively. An air gap with density of 0.001205 g/cm 3 was considered in the space between the active part and the capsule. There are two truncated cones with lengths of 0.108 mm and 0.4 mm at the two ends of the cylindrical part of the capsule. The source cable was modelled as a cylinder with length of 5 mm and radius of 0.25 mm. These parameters which were simulated in this study are based on the studies by Enger et al. [3] and Granero et al. [11] Ir source used in this study [12] Energy (keV) Prevalence (%) Ir sources were plotted in a single plot in order to compare the dose distributions of the sources. In the current study, MCNPX code (version 2.6.0) was utilized for all simulations [10] . The advantages of Monte Carlo simulation technique in dosimetry in external beam radiation therapy and brachytherapy have been demonstrated for many years. Nowadays, the use of Monte Carlo simulation in radiotherapy applications is increasing because of the availability of high-speed computers and new Monte Carlo codes [14] .
Material and methods

Geometry of hypothetical
In order to calculate air kerma strength for the 57 Co source, a number of 1 mm thick tori were defined at various radial distances ranging from 1 cm to 49 cm in free space, in the form of 50 cm radius spherical volume. Air was considered inside the tori. Electron and photon energy cut-offs were defined as equal to 250 eV, as adopted by Enger et al. [3] . The outputs were scored in the torus cells using F6 tally. The product of air kerma rate and the square of radial distance (air kerma rate ×d For calculation of the dose rate constant, dose rate was calculated by means of a 0.1 cm thick torus at a distance of 1 cm from the source using *F8 tally in a water phantom (ρ = 0.998 g/cm 3 ) with 50 cm radius. Energy cut-off was defined as the same as that for air kerma strength. Dry air up to the radius of 200 cm was defined outside of the spherical water phantom. The output of *F8 tally was divided by the mass of the torus, then the dose rate constant was calculated by division of the dose rate value at 1 cm distance and air kerma strength. The input programs for Ir sources, 0.1 cm thickness tori were defined with 10-degrees intervals at various distances ranging from 0.5 to 10 cm inside a 40 cm radius spherical water phantom. The energy cut-off for this calculation was similar to that in radial dose function calculation and the output was obtained by F6 tally. Anisotropy function values were obtained using the outputs and geometric functions of the sources by use of linear source approximation. To calculate the anisotropy function, an active length of 3. 
Isodose curves
In order to obtain the dose distribution around the 57 Co and 192 Ir sources, MCNPX code (version 2.6.0) was used. Type 1 mesh tally with the "pedep" option in Cartesian coordinates was utilized. The mesh cells were defined in the form of voxels with 2 × 2 × 2 mm 3 dimensions, from -7 cm to +7 cm along the x-and y-axes. The input programs were run for 2 × 10 9 particles, and the maximum type A MC statistical uncertainty was 0.3%. After running both programs, the output files, "mdata" files, were saved. These files are binary, and their contents are not directly accessible by a user. The outputs were converted to text files by means of "gridconv" command in MCNPX. The outputs were converted to matrices and the isodose curves were plotted using MATLAB software (version 7.8.0.347, Math Works Inc., Natwick, MA). The output of type 1 mesh tally was in terms of MeV/cm 3 , while the isodose curves were plotted in terms of cGyh
. In the first step of this conversion, the mesh tallies were divided by the density of the phantom and then were multiplied by other appropriate conversion factors to obtain the dose rate terms of cGyh Co radioisotopes are 2.3012 photons/ disintegration and 1.0544 photons/disintegration, respectively. These values were calculated from the spectra data of these two sources in Tables 1 and 2 . , which is 0.46% lower than the result presented above.
Results
Air
Radial dose function values from the current study and those reported by Granero et al. [11] for the Flexisource 192 Ir source are presented in Table 3 . Based on a comparison of these two data sets, it is evident that the Flexisource 192 Ir simulation in this study is validated. The blank cells in this table represent those points which have no value reported by Granero et al. [11] ; therefore, no comparison of these data points was performed. The maximum difference between these two data sets was 4.26%.
Radial dose function values for the hypothetical 57
Co source are presented in Table 4 . In order to compare radial dose function values of the two sources, radial dose function diagrams are presented in a single figure (Fig. 2) .
Anisotropy function data for the hypothetical 57 Co and 192 Ir sources are listed in Tables 5 and 6 , respectively. To compare anisotropy function values of these sources, the corresponding diagrams are plotted in Fig. 3 for four distances of 0.5, 1, 5 and 10 cm.
A comparison of isodose curves for these two sources may be interesting. Isodose curves of the two sources are plotted in Fig. 4 . The dose rate values in these figures were obtained using mesh tallies in MCNPX code and were plotted in the MATLAB software environment.
Discussion
In the current study, TG-43 dosimetric parameters and dose distributions for a hypothetical Ir, respectively) it can be seen that per U of air kerma strength, 57 Co can produce a higher dose rate at the reference distance (1 cm) from the source in water medium.
In order to compare the radial dose function values of the two sources (Fig. 2) , the photon interactions in phantom material should be interpreted. The energies of the emitted photons from the brachytherapy sources affect photon absorption in the phantom. For relatively high energy brachytherapy sources such as 192 Ir, the total dose distribution is not mainly from the scattered photons in the typical brachytherapy range. However, the photon absorption in the phantom material is compensated by scattering of low energy photons. As can be seen from the data in Fig. 2 , the radial dose function for the 192 Ir source is more uniform due to build up of the scattering component of the dose. For sources with medium energy, such as 57 Co, dose distribution is mainly influenced by multiple scattered low energy photons. Therefore, as shown in Fig. 2 , this source has an increase in radial dose function which is specific for this energy range. From this point of view, Ir source obtained in this study in comparison to the data of Granero et al. [11] Radial distance r (cm) (Our study) Granero et al. Co source obtained in this study Ir source has a more uniform dose distribution at various radial distances from the source, compared to the 57 Co source. The same effect for the radial dose function of these two sources was reported by Enger et al. [3] .
Diff. (%)
In the study by Enger et al. [3] the anisotropy function was reported only at a distance of 1 cm from the hypothetical 57 Co source in the form of a diagram. In the current study, in addition to the diagram presentation of the anisotropy function for various distances (Fig. 3) , the tabulated data for various distances are also presented for this source (Table 5 ). Due to the lack of any tabulated data, it is not possible to make a comparison between the data from this study and other studies for the hypothetical 57 Co source. The anisotropy function diagram by Enger et al. [3] contains some fluctuations. The shape of the tally cells used in calculation of the anisotropy function was not described in the materials and methods section of that study. It can be guessed that spherical or cubic cells were used. This may be the origin of fluctuations in anisotropy function values of the source. In this study, tori were used in order to preserve the cylindrical symmetry. As demonstrated in Fig. 3 Ir sources in Fig. 3 .
In conclusions the hypothetical 57 Co source were to be made available commercially, with the same geometry as designed in this study, the data presented herein could be used as input data for a treatment planning system and also in verification of the system calculations after commissioning of the unit including this radioisotope.
The beneficial characteristics of the 57 Co radioisotope make it a possible future brachytherapy source. This source has a combination of possible high specific activity (312 TBq/g [15] ), relatively medium energy photon emission and an appropriate half-life (272 days). 
